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Abstract 
The energy demand is increasing and due to the enormous amount of pollution that comes from fossil 
energy it is time to think alternatives. This thesis is about using hydrogen and energy storage to 
produce power. The system is designed based on an expanding of wind farm at Smøla of 50,13MW, 
but without  doing anything with the grid, which is close to its maximum capacity. The power 
produced from the year 2015 is used to measure the different component size which is needed. The 
simulation of the system is used by Simulink with control to handle underproduction and 
overproduction from the wind farm. The optimal size calculated for the system is, fuel cell with 
capacity of 4,66MW, a hydrogen storage tank with 79,19 capacity and a alkaline electrolyser with 
capacity of 50MW . The average hourly increase in one year is 11,59MW where 1,56MW is from the 
fuel cell production. The average production has been increase from 45,7MW to 58,3MW.  The change 
gave an increase of grid utilization from 29,5% to 37%. The average production has been increase 
from 45,7MW to 58,3MW which gave a total annual production of 502,202GWh. The utilization of the 
network capacity is increase by 11,592MWh. However, all of this increased power does not get 
produced by the fuel cell alone. At times  when the wind turbine produces less power than the grid 
capacity of 155MW, there would not be need to use the system. The actual extra power that comes 
from fuel cell, electrolysis and hydrogen tank capacity is 1.5578MWh. The cost of the project gives a 
net loss of 966millionsNOK over a time period of  20years with use of the same power price as 2015. 
For the project to go out in plus it is necessary to get an power price over 0,899NOK/kWh. 
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Abbreviations 
 

MW   Megawatt(10^6watt)  
MWh   Megawatt hour(10^6 Watt hour)  
M/S  Meter per seconds 
M   Meter 
Rev/min  Revolution per minute 
V  Voltage 
AC   Alternating current  
DC  Direct current 
PEM  Proton exchange membrane 
Ἅἷ  Carbon dioxide 
H  Hydrogen 
O  Oxygen 
NVES Nasjonalt Vindenergisenter (National Wind Energy Center 

AS) 
e Electron 
E°  Cell potential in voltage 
J/K  Joule/Kelvin 
Kj  Kilo joule 
Pa  Pascal 
Mole  Unit of measurement 

ἐ  Cell efficiency (0,681 for electrolyzer and 0,94 for 
compressor)  

ἓἍἭἴἴ   current running through the cells 
Z  number of electrons(Ὄ have 2) 
F   Faradays constant 96485 C άέὰ 
MPP  Maximum power point 
PWM  Pulse width modulation 
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Chapter 1 Introduction 
Smøla wind park has a large power production and have been operative since 2002[1] . It has 68 wind 
turbines installed[1] , 20 turbines with capacity of 2MW and 48 turbines with capacity of 2,3MW, 
which gives the maximum total production to be 150,4MW, as shown in equation 1.1 Between 2008 
and 2015 the average yearly production was 333,18GWh[2] . This gives an average production of 
39,0MW throughout the year. The maximum capacity of the grid is 155MW[29], and with this we can 
see that the average usage of the grid is 25,16%, as shown in equation1.2, and that the production 
from wind could be increased by an average of 116MW. The main issue with the grid capacity is that it 
has to be engineered to handle the maximum production from the wind at an instance production, and 
not the average throughout the year. There are several solutions for this. One way is to increase the 
capacity of the grid, but this has been found too costly to be realized.[3] Another solution for the issue 
is to store the energy in terms of hydrogen production, storage and then to either ship the hydrogen 
to another marked or to generate electric energy by fuel cells. The electric production by use of 
hydrogen is what this thesis is takin one closer look at. 
 

Total power capacity from the wind park today. 
ςπzςὓὡ τψzςȟσὓὡ ρυπȟτὓὡ  (1.1) 

 
The average yearly grid capacity utilization, 

ςυȟρφϷ    (1.2) 

 
Average power available that could be fed out on the grid. 

ρυυὓὡ σωὓὡ ρρφὓὡ  (1.3) 
 

1.1 Motivation 

The global Co2 emissions have been increasing annual for many years[4] and in 2015, many of the 
world leaders agreed to reduce the emissions[5]. One solution of reducing the Co2 emissions is to 
include more energy from renewable energy from sun, water and wind. The main issue with use of 
renewable energy is that the power needs to be generated and used instantly. This is when the sun 
is shining, the wind is blowing or the water is falling. This conflicts with the demand for power, 
since people like to use power when they need it and not necessary when it is produced. With 
water, it is possible to build a dam, which could hold energy depending on the size of the dam that 
could later be used for power generation. With power from sun, wind and tidal wave it is more 
difficult to store the energy. To store this energy it has to be  implemented storage in form of 
electrochemical storage or electrolyzer. The electrolyzer would in addition need a storage tank for 
storing hydrogen and a fuel cell for power generation. To use hydrogen for energy storage and 
power production has been known for a long time, but since the cost of using hydrogen for power 
production relatively high compared to other sources, it has not got a big share of the total power 
marked.[30] In the past few year there has been more focus on clean energy. Several countries are 
pushing on to make renewable energy sources take a bigger chair of the total power marked. One 
example is the hydrogen car, which in Norway is sold with no tax. Measures like this could lead to 
a higher demand for hydrogen, and especially hydrogen produced from renewable energy like 
wind power.  
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Figure 1 Grid network around Smøla] 

1.2 Project Description 

The objective of this thesis is to look for possible solutions for increasing the power generation 
from the wind turbines at Smøla. This thesis is about increasing the power generation by the use 
of hydrogen. Another solution for increasing the power generation capacity is to increase the grid 
capacity, and by this increase the maximum power capacity of 150,4MW. This solution have been 
evaluated by the grid owner, Statkraft, and found to be too costly to be realized.[3] If this had been 
realized, then a large distance of power cables had to be installed with transformer and control to 
implement it into the grid network.  
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1.3 Overview over how the system is today 

 

1.3.1 Wind turbines installed 
 
Today, there are two types of wind turbines installed. One type is from Bonus, which has a capacity of 
2MW and the total installed turbines of this type is 20. The specification of this type is shown next to 
its figure.  
 

 
Operational data  
Rated power  2.000 / 400 kW  
Rated wind speed 15,0 m/s 
Cut-in wind speed 3,0 m/s 
Cut-out wind speed 25,0 m/s 
Diameter  76,0 m 
Hub height  60,0 m 
Swept area  4,536.46 ά  
Number of blades 3 
Rotor speed  11 / 16 U/min  
Generator  
Type asynchronous, pole-switchable 
Speed   1000 / 1500 rev/min  
Voltage  690 V 
Grid connection via thyristors  
Grid frequency 50Hz 
 
The second type, which it  is installed 48 of at Smøla, is a Siemens with a capacity of 2,3MW as shown 
on Figure 3. 

  Figure 3 Siemens 2,1MW 

Figure 2 Bonus wind turbine 
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Figure 4 Overview of Smøla wind park[1] 

 
Operational data  
Cut-in wind speed 3-5 m/s 
Nominal power  at 13-14  m/s 
Cut-out  wind speed 25 m/s 
Blade length  40 m 
Tip chord  0.8 m 
Root chord  3.1 m 
Generator  
Type Asynchronous 
Nominal Power 2,300 kW 
Hub heights  80 m  
 

1.2 Overview of planned system 

The planned block diagram of the new system is shown on Figure 5. The existing system is shown in 
the middle with wind turbines connected to transformers and out to the consumer marked load. The 
new system have AC to DC diode connected to the wind turbine 3 phase 690VAC. This gives a voltage 

of φωπὃὅzЍσ ρρωυὠὈὅ. This voltage is reduced by a buck converter to give the rated current and 
voltage of electrolyzer. This gives a electrolyzer wi th rated power of 50MW. The hydrogen and oxygen 
produced are then compressen and stored in storage tank, until it is used by the fuel cell. The fuel cell 
are activated when the produced energy from the wind are below 150,4MW. This is maintained by the 
fuel cell control and master control. The energy from the fuel cell are integrated to the grid trough a 
boost converter and inverter. 
 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4 Overview of Smøla wind park, shows how the system of Smøla looks today. This thesis is 
planning an increase of wind turbines which gives an increase in wind power installed capacity of 
50,13MW. This would give an increase of approximately 22 wind turbines of 2,3MW each and then a 
total increase of power by 50,6MW, as shown in equation 1.4. 
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ςςzςȟσὓὡ υπȟφὓὡ  (1.4) 
 

 

 
Figure 5 Overview of new system 

 

1.3 Goals and Objectives 

1. Design component size for hydrogen production and fuel cells utilization with an increase 
of 50MW installed capacity at Smøla wind park. 

2. Make a model in Matlab Simulink to simulate  
- the hydrogen production and power consumption when the power from the wind turbine 
exceed the grid capacity   
- fuel cell power generation and hydrogen utilization when the grid has available capacity. 

3. Make an economic overview over the total cost of the system over a period of expected life 
time. 

 

1.3.1 Assumption 

- When studying the problem it has not made any calculation of the layout on the wind park 
after the increase of 22 wind turbines. It is assumed that the power coefficient is similar to the 
existing turbines that is installed. 

- The grid capacity is set to 155MW. This is based on 2 transformers at Smøla with a total 
capacity of 155MW, and the grid size after this point has not been considered. 
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- The power production data that is being used is from 2015, it is assumed that the newly 

production data will be the same as from 2015 multiplied with a factor of . 

 

1.4 Methodology 

In this thesis, the main objective was to increase the power production of Smøla wind park with 
50,13MW. Excel has been used for calculating the different size of component in the system, where the 
hourly production data from the year 2015 has been used.  
 
When processing data in excel various formulas have been implemented so the whole set of data was 
processed when changing some of the parameter. This was necessary to be able to find the correct 
value needed for tank size and fuel cell size. 
 
 For simulation of system with integration to the grid, a model of the system in Matlab Simulink has 
been used. This set up in Simulink is as follows: PEM fuel cell of 5kW, DC-DC boost converter, alkaline 
electrolyzer 50kW and a back to back converter.  
 
The model was scaled down so that it was easier processed when doing the simulation. Fuel cell was 
scaled down by a factor of 93,2, and the alkaline electrolyzer with a factor of 1000. The data has been 
scaled up and the correct size for the project is shown in the results. This is with a fuel cell of 4,66MW, 
and alkaline electrolyzer of 50MW. The fuel cell that was used is an implemented version in Simulink. 
The hydrogen flow rate was used for controlling the desired power production.  
 
The alkaline electrolyzer has been made in Simulink based on formula and measurement of I ɀ V curve 
from an alkaline electrolyzer cell[26]. The I-V curve was extracted to excel, which has the built in 
function for showing function of any graph. This function was used in Simulink, which showed the 
current level based on voltage level. Since the hydrogen production is based on current[26:414], it 
was possible to control the hydrogen production based on voltage level. The voltage level was 
controlled with a buck converter that had a closed loop. The system is controlled with logic for 
regulating the hydrogen supplied to the fuel cell and the hydrogen produced by the alkaline 
electrolyzer. This is for maintaining the grid of 150,4MW.  
 
For the calculation of the economic value of the project, approximate values from manufactures have 
been used. NEL estimated that the cost of 50MW electrolyzer with compressor is between 200-
300millions NOK[11] , 0,5MΌ/T [30:37]  for storage tank and 3000-4πππΌȾË×È ÆÏÒ 0%- ÆÕÅÌ 
cell[30:36]  
 

1.5 Literature review 

For information regarding fuel cell and electrolyzer and the energy needed for the chemical reaction, 
ÉÎÆÏÒÍÁÔÉÏÎ ÆÒÏÍ ÃÏÕÒÓÅ Ȱ%.%τπρ &ÕÅÌ ÃÅÌÌȱ ÆÒÏÍ ÐÒÏÆÅÓÓÏÒ (ÕÇÈ -ÉÄÄÌÅÔÏÎ ÈÁve been used. This 
gave the information of the ideal performance of fuel cell and electrolyzer, which have been used for 
calculation of hydrogen and oxygen production. Also, the energy needed for operation of the fuel cell 
and electrolyzer have been gathered from lecture notes from the ÃÌÁÓÓ Ȱ%.%τπρ &ÕÅÌ ÃÅÌÌȱ 
A study has been done by Jagath Sri Lal Senanayaka with the ÔÏÐÉÃ Ȱ0Ï×ÅÒ $ÉÓÐÁÔÃÈÉÎÇ ÏÆ !ÃÔÉÖÅ 
Generators using Droop Control in Grid connected Micro-ÇÒÉÄȱ ɍςσ]. The paper described  how to 
develop and implement simulation model of a back-to-back converter for a grid connected with a 
micro-grid operation which operates as a separate AC power system through a DC interconnect. In 
addition to this, the paper also describes how to analyse a grid connected with a micro-grid for 
achieving high penetration of renewable energy. 
/ÎÅ ÐÁÐÅÒ ×ÒÉÔÔÅÎ ÏÎ ÐÈÏÔÏÖÏÌÔÁÉÃ Ȱ3ÉÍÕÌÁÔÉÏÎ ÁÎÄ ÃÏÍÐÁÒÉÓÏÎ ÏÆ ÐÅÒÔÕÒÂ ÁÎÄ ÏÂÓÅÒÖÅ ÁÎÄ 
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ÉÎÃÒÅÍÅÎÔÁÌ ÃÏÎÄÕÃÔÁÎÃÅ -004 ÁÌÇÏÒÉÔÈÍÓ ÆÏÒ ÓÏÌÁÒ ÅÎÅÒÇÙ ÓÙÓÔÅÍ ÃÏÎÎÅÃÔÅÄ ÔÏ ÇÒÉÄȱ ÂÙ 3ÁÃÈÉÎ 
Vrajlal Rajani and Vivek Pandya is used as a base for extracting maximum power from fuel cell source 
in Simulink model. 
A paper from New Energy World, ȰFuel Cells And Hydrogen Joint UnderÔÁËÉÎÇȱ ÈÁÓ an overview of the 
market situation of fuel cell system and hydrogen storage and production today and expected 
situation in the future. This, together with information from Henning Langås from NEL Hydrogen, was 
used for calculating the cost of how the system. 
The book ȰFuel Cell Handbookȱ by EG&G Technical Services, Inc. The book shows the performance and 
building of a range of different fuel cells technology. It also shows how to optimize fuel cell systems 
based on temperature, pressure, utilization and heat recovery. In this thesis this information has been 
used to gain knowledge of fuel cell system and the different system available. 
The book ȰHydrogen Storage Technologiesȱ by Godula-Jopek writes about different ways for storing 
and handling hydrogen. The book covers storage with pressure and with liquid and shows various 
compressor techniques. It this thesis it was used to tell how much energy was for compressing 
hydrogen to 8 bar for easier storage.  
Power measurement given to me from Pål Preede Revheim from NVES. And this set of data showed 
the hourly power produced by the wind farm at Smøla. The data was used as a base for an extension 
of the wind park. 
The publicationȱ Hydrogen Production From Water Electrolysisȱ: Current Status and Future Trends, 
Luis M. Gandia, Pablo Sanchis reviews water electrolysis technologies for hydrogen production. It had 
measurements of I - V  characteristic from an alkaline electrolyse cell. The paper also had formulas of 
how much hydrogen that was possible to extract from the cell. These formulas from the curve and 
paper was used in the Simulation of the thesis. 
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Chapter 2 Hydrogen production and utilization 
Hydrogen as an energy carrier has some chemical reactions that are necessary to look into when 
deciding size and losses for the system. This chapter shows the energy needed for producing 
hydrogen and energy that is possible to gain from the fuel cell when using the hydrogen. 

 
 
 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6 shows the two main sources for producing hydrogen, electricity for electrolysis and carbon 
sequestration. The green box are from renewable production and the orange is from fossil fuels. Fossil 
fuels is where the majority of the Ὄ  are being produced[8:17]. In this thesis the production of 
hydrogen will come from electricity and wind energy. For extracting hydrogen it is used water 
electrolyses. This reaction is shown in formulas 2.1, 2.2 and 2.3[9:23]  

Anode (oxidation)   

 

2H2O                 O2 + 4H+ + 4e-   E° =  1.23 V  (2.1) 

Cathode (reduction)   

 

4H2O + 4e-   2H2 + 4OH-   E° = -0.83 V  (2.2) 

Overall cell reaction:   

 

2H2O                 2H2 + O2   E° =  2.06 V  (2.3) 

 

  

Figure 6 Different ways of producing hydrogen[19] 
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2.1 Thermodynamic potentials water electrolyzer[18] 

 
 

Quantity 2H2O 2H2 O2 Change 

Enthalpy -571.66 kJ 0 0 ɝ( Ѐ υχρȢφφ kJ 

Entropy 139.82 J/K 261.36 J/K 205.14 J/K 4ɝ3 Ѐ τψȢχ Ë* 
                 Figure 7 Table of thermodynamic potential 

 
The work done by the system. 
 

ὡ  ὖῳὠ  ρπρȢσ ὼ ρπσ ὖὥρȢυ άέὰὩίςςȢτ ὼ ρπ σ άσȾάέὰςωψὑȾςχσὑ  σχρυ ὐ  (2.4) 
 
Since the enthalpy H= U+PV, the change in internal energy U is 
 

ɝ5 Ѐ ɝ( - 0ɝ6 Ѐ ςψυȢψσ Ë* - 3.72 kJ = 282.1 kJ (2.5) 
 
This change in internal energy must be accompanied by the expansion of the gases produced, so the 
change in enthalpy represents the necessary energy to accomplish the electrolysis. However, it is not 
necessary to put in this whole amount in the form of electrical energy. Since the entropy increases in 
ÔÈÅ ÐÒÏÃÅÓÓ ÏÆ ÄÉÓÓÏÃÉÁÔÉÏÎȟ ÔÈÅ ÁÍÏÕÎÔ 4ɝ3 ÃÁÎ ÂÅ ÐÒÏvided from the environment at temperature T. 
The amount which must be supplied by the battery is actually the change in the Gibbs free energy: 
 

ɝ' Ѐ ɝ( - 4ɝ3 Ѐ ςψυȢψσ Ë* - 48.7 kJ = 237.1 kJ (2.6) 
 
Since the electrolysis process results in an increase in entropy, the environment "helps" the process 
ÂÙ ÃÏÎÔÒÉÂÕÔÉÎÇ ÔÈÅ ÁÍÏÕÎÔ 4ɝ3Ȣ 4ÈÅ ÕÔÉÌÉÔÙ ÏÆ ÔÈÅ 'ÉÂÂÓ ÆÒÅÅ ÅÎÅÒÇÙ ÉÓ ÔÈÁÔ ÉÔ ÔÅÌÌÓ ÙÏÕ ×ÈÁÔ ÁÍÏÕÎÔ ÏÆ 
energy in other forms must be supplied to get the process to proceed. 

 
                          Figure 8 Water electrolyzer[18] 
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There are different methods for producing hydrogen by use of water electrolyzer. Since the cost of 
PEM types are more expensive than alkaline type mainly due to PEM uses noble metals(Pt, Ir, Ry), 
Alkiline  type have been chosen in this study.[10:2]  

 

2.2 Hydrogen production from alkaline electrolyzer 

 
The theoretical maximum value of hydrogen production from electrolyses is calculated by the use of 
Gibson Free Energy. The free energy of combustion of hydrogen is the same as the free energy of 
formation of water. [9:28] This is shown in formula 2.7 and equation 2.8 
 

ςz Ὄὕᴼ ςὌ ὕ         (2.7)    
     

 

 ɝ'ÆςὌὕ  ςz ςσχȢρσ Ë* ÍÏÌ (2.8)    
  
 

The energy is calculated for two mole of water, which has two mole of Ὄ . The free energy for one 
mole of Ὄ  is -237.13 Kj ÍÏÌ as shown in equation 2.9 

 

ῳὋὪὌ
 
 ςσχȟρσ Ὧὐ ÍÏÌ  (2.9) 

 
The maximum energy that is going to be transferred into hydrogen is 50MW, where the definition for 
Watt is J/s [14:28] This would be a total energy production of 4,32*10^9Kj as shown in equation 2.2  

 
ὐέόὰὩ ὴὩὶ Ὠὥώυπzρπὡ ςzτzφπzφπί τȟσςzρπὮ τȟσςzρπὑὮ (2.2) 

 
The production of τȟσςzρπὑὮ per day gives the maximum capacity of Ὄ  moles per day of 31,6*10^6 
moles as shown in equation 2.3. Since the chemical reaction only needs half of oxygen moles when 
producing the hydrogen as shown in equation 2.9, then the total moles of oxygen are ωȟρπωzρπ 
moles as shown in equation 2.4. 

 
 

ȟ ᶻ ͮ

ȟ   
ρψȟςρψzρπάέὰὩί Ὄ   (2.3) 

 
 

ȟ ᶻ
ωȟρπωzρπ άέὰὩί ὕ  (2.4) 

 
 
Hydrogen has a mole weight of 1,008[14:38]. Since there are two molecules per mole the total weight 
of hydrogen is σφχςχυψψ ÇÒÁÍÓ or 36,728Tons as shown in equation 2.6. Oxygen has a mole weight of 
16,00[14:38], and one mole of ὕ has two molecules of oxygen. This causes the total day production of 
oxygen to be 291,5 tons as shown in equation 2.7. 

 
 

ȟ
ςzz ρψȟςρψzρπάέὰὩίσφχςχυψψÇσφȟχςψ ÔÏÎÓ (ÙÄÒÏÇÅÎ (2.6)  
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ςz ωȟρπωzρπÍÏÌÅÓᶻ
ȟ

ςωρτψψπππὫ ςωρȟτψψ ὸέὲί ὕὼώὫὩὲ  (2.7 

 

2.3 Size of alkaline electrolyzer 

The size have been set to 50MW for the system. Since the power from the wind turbine at nominal 
speed would be larger than the grid can handle, then the size of the electrolyzer was set to handle 
maximum produced power from the turbines. This was set when defining the project since this size 
would make system to be able to use all of energy produced from the wind.  The cost of the system if 
bought by NEL is around 300-400millions NOK and produce around 25tonn of hydrogen per day[11]. 
If this is compared with PEL the price for production would almost be twice as much[12:13]   
 

 

2.4 Effectiveness of the alkaline electrolyzer 

Since the production from NEL, the manufacture of alkaline electrolyzer is given to be 25 tons of 
hydrogen[11] this would give a production of ρςȟτπzρπ mole hydrogen as shown in equation 2.7 
and φȟςz ρπ mole of oxygen as shown in equation 2.8 
 

ᶻ

ᶻ
ȟ ρςȟτπzρπάέὰὩ Ὄ    (2.7) 

 
 

ȟ ᶻ
φȟςz ρπάέὰὩ ὕ    (2.8) 

 
The total production of 25Ton of hydrogen would give an effectiveness of the system of 68,1% if we 
compare it to the maximum theoretical production of hydrogen shown in equation2.9. 

 
  

  

 

ȟ
πȟφψρφψȟρϷ (2.9)  

 
 

2.5 Fuel cell 

There are different sorts of fuel cells that will work under different temperature ranges, efficiency 
curves and with different material used. In this thesis, the calculation have been done with a PEM fuel 
cell. This has been done mainly since the technology is commonly used and since it has the lowest 
price per produced kWh compared to other fuel cells.[15]. The next sections shown how a PEM fuel 
cell is built up. It gives an overview of how it work and how it produce energy. 
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Figure 9 shows the schematic for alkaline fuel cell. The electrodes, anode and cathode contains of 
carbon in the form of porous graphite fibre and catalyst made from catalyst. Between the electrodes 
will it produce a voltage difference that could be used for electricity.  The catalyst is made from very 
small particles of platinum supported on much larger particles of carbon. The electrolyte is made from 
polymer sheet made from fluorocarbon. This leads the proton trough the membrane but not the 
electron.  
  
  

Figure 9 Overview over PEM fuel cell components 
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2.5.1 Ideal hydrogen-oxygen fuel cell operation[13] 

 

 
Figure 10 Ideal hydrogen-oxygen operated fuel cell[13] 

 
Combining a mole of hydrogen gas and a half-mole of oxygen gas can be used to produce a mole of 
water. A detailed analysis of the process makes use of the thermodynamic potentials. This process is 
presumed to be at 298K and one atmosphere pressure, and the relevant values are taken from a table 
of thermodynamic properties. 

 

Quantity H2 0.5 O2 H2O Change 

Enthalpy 0 0 -285.83 kJ ȹH = -285.83 kJ 

Entropy 130.68 J/K 0.5 x 205.14 J/K 69.91 J/K TȹS = -48.7 kJ 

Figure 11 Table of thermodynamic properties 

 
As seen on Figure 11, the energy from the fuel cell is provided by combining the atoms and by 
decreaseing the volume of the gases. The table shows enthalpy and entropy information at 298K and 
one atmosphere pressure. The system work is shown in equation 2.10. 

 
ὡ ὖῳὠ ρπρȢσ ὼ ρπσ ὖὥρȢυ άέὰὩίςςȢτ ὼ ρπ σ άσȾάέὰςωψὑȾςχσὑ σχρυ ὐ  (2.10) 

 
The enthalpy is Ὄ  Ὗ ὖὠ. This change in internal energy U is shown in equation 2.11  

 
ῳὟ  ῳὌ  ὖῳὠ  ςψυȢψσ Ὧὐ  σȢχς Ὧὐ  ςψςȢρ Ὧὐ            (2.11) 

 
As shown in Figure 11 the entropy of the gases is decreasd by 48.7 kJ. This is due to the chemical 
reaction in the fuel cell process, where making the water molecules is less than the number of 
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hydrogen and oxygen molecules combinined. Since the total entropy will not decrease in the reaction, 
ÔÈÅ ÅØÃÅÓÓ ÅÎÔÒÏÐÙ ÉÎ ÔÈÅ ÁÍÏÕÎÔ 4ɝ3 ÍÕÓÔ ÂÅ ÅØÐÅÌÌÅÄ ÔÏ ÔÈÅ ÅÎÖÉÒÏÎÍÅÎÔ ÁÓ ÈÅÁÔ ÁÔ ÔÅÍÐÅÒÁÔÕÒÅ 4Ȣ 
The amount of energy per mole of hydrogen, which can be provided as electrical energy, is the change 
in the Gibbs free energy shown in equation 2.12. 

 
ῳὋ  ῳὌ  ὝῳὛ  ςψυȢψσ Ὧὐ  τψȢχ Ὧὐ  ςσχȢρ Ὧὐ  (2.12) 

 
The maximum teoretical efficiency for a fuel cell, at temperature at 298K and pressure of 1 
atmosphere, it is possible to reach an efficiency of  83% as shown in equation 2.13.  

 
ȟ

ȟ
 ὼρππϷ  ψσϷ        (2.13) 

 

Chapter 3 System simulation 
This chapter contains system simulation and calculation. The hourly production data from 2015 has 
been used for calculation the size of the components used. It has been optimized to make use of all the 
hydrogen produced throughout the year and for maximize the power production. These components 
were then used in simulation in a model in Simulink. 
 

3.1 Yearly production calculation  

To get an overview over the system on a yearly basis, a excel sheet has been made. This sheet use real 
value of power production from Smøla wind park. The real measurement of production data from 
Smøla wind park has been used. It has an hourly measurement throughout the year 2015. The values 

were multiplies with a factor of  to get an estimate of the power production if the power was 

increased by 50,13MW from 150,4MW to 200,53MW, as shown in equation 3.1. 
 

ρυπȟτὓὡᶻ ςππȟυσὓὡ      (3.1) 

 
Figure 37 shows the power production from Smøla wind park in blue, where real data is used. The 
data that is used is from year 2015 where hourly measurements have been used and calculated the 
average for each month. The red line shows the estimated power production if the maximum capacity 
of the wind park is to be increased by 50,13MW to 200,53MW. 
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Figure 12 Power production of Smøla wind park 
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3.2 Fuel cell 

The optimal fuel cell size based on the production year 2015 is 4,66MW[27]. After this point there is 
not any gain of having higher capacity of the fuel cell. This is shown in Figure 14. In this figure we can 
see that the percentage gain from fuel cell has a steep climb at lower fuel cell size from 1 to 5 MW, and 
then flattens out after 5MW. The size that has been chosen in this thesis is 4,66MW. This gave and 
average power from the fuel cell of 1,558MWh[27] throughout the year.  On this production level, the 
hydrogen produced by the alkaline electrolyzer throughput the year is fully utilized. The production 
data that was used for this is at 31.12.15 at 19:00Figure 13 shows how the tank level decreases at the 
end of the year by choosing a higher fuel cell size. 
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Figure 13 Tank level (ton) 
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16 
 

 

3.3 Compressor 

In order to get the desired pressure for the hydrogen gas, it is necessary to install a compressor. The 
pressure that has been used in this thesis is 8bar[28]. When increasing the pressure of hydrogen the 
need of storage tank size is reduced, but it will in addition also lower the overall efficiency of the 
system. The compressor efficacy is calculated based on formula which give the total work done for 
compressing the gas from 0,02 bar into 8 bar. 0,02 bar is the pressure from hydrogen gas from the 
alkaline electrolyzer.  
 

ὡ ὲὙὝὰὲςυȡρππ       (3.2) 

 
σφφυωφφςȟχρzψȟσρτυzσυσzὰὲ

ȟ
ὓὮέόὰὩφȟττφφ%ρρ -ÊÏÕÌÅρχω-7È (3.3) 

 

ᶻ ᶻȟ
πȟπτχ        (3.4) 

 
The alkaline electrolyzer use 3,17 days with maximum production of 50MW to fill up the tank. This 
has been used for calculating the efficiency of the compressor. The compressor uses 179087kWh for 
compressing all the gas from 0,02bar to 8 bar. When dividing that with the power usage from the 
electrolyzer it shows a loss of 4,71% in the compression process. Tis gives a factor for the calculation 
of 0,95. 
 

3.4 Tank size 

When increasing the power production by 50,13MW then there is time period when there is grid is 
fully utilized. The hydrogen tank is designed to store all of the excess energy into hydrogen. The tank 
is taken into account that there is loss in electrolyzer and compressor. The effectiveness of the 
electrolyzer has been calculated to 68,1%, as shown in equation 2.9, and the compressor to 95%, as 
shown in section 3.3. The tank level also takes into account that the fuel cell effectiveness is at 
55%[15]. This means that it will use 1,818 more hydrogen to produce the desired power as shown in 
equation 3.5.   The need for tank size is varying between the year, this is shown in figure 39, where the 
average need for tank size is illustrated. The size that has been used in this thesis is calculated based 
on the maximum need for storage which is 79,19ton of hydrogen. This date happened on 20.02.15. 
Figure 15 shows the average level each month. 
 
 

ȟ
ρȟψρψ         (3.5) 
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3.5 Energy loss in electrolyzer and compressor 

The choices of the different sizes of the components used in the system is based on the condition that 
the peak power generation will at time reach 50MW over the grid capacity, and that the average 
power generation over one year is 60,98MW. In order to store the extra capacity when wind speed is 
nominal, the electrolyzer has been set to be 50MW size. This would make the system able to store this 
energy into hydrogen. Since the effectiveness of is 68,1% then the electrolyzer the maximum energy 
that could be converted into hydrogen would be 30,61MW for every 50MW supplied. For the 
compressor the effectiveness is 95%. This leaves 32,35MW left that would be converted to hydrogen 
for each 50MW supplied, after going through the alkaline electrolyzer and the compressor. This is 
shown in equation 3.6 and 3.7. 
 

πȟφψρzυπὓὡ στȟπυὓὡ (3.6) 
 

πȟωυzστȟπυὓὡ σςȟσυὓὡ (3.7)  
 

3.6  Fuel cell hydrogen usage 

The optimum hydrogen usage for the fuel cell is 3,42 ton Ὄper day, as shown in equation 3.10. This is 
calculated based on energy produced from a fuel cell size of 4,66MW, with one full  day production. 
This is shown in equation 3.8. The energy supplied by the fuel cell is calculated by use of Gibbs free 
energy of 237,13Kj/mole Ὄ  [13] , as shown in equation 3.9. Since the PEM fuel cell used in the 
Simulink simulation is set to 54% effectiveness the total Ὄ  needed for the system to produce the 
desired power of 4,66MW is 6,634ton Ὄ  as shown in equation 3.10 and 3.11. 
 
 

τȟφφὓὡᶻ ςzτὬz ᶻ τȟπςφρρὡί τȟπςφρρὐέόὰὩρτȡρ (3.8) 

 
 

ȟ

ȟ Ⱦ
ρφωχψπςȟψωὓέὰὩ Ὄς       (3.9) 
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Figure 15 Average hydrogen tank level (ton) 
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The mole weight if one hydrogen is 1,008gram[14:288], so the weight of  2 hydrogen mole are 
2,016gram per Ὄ . 
 

ρφωχψπςȟψωὓέὰὩ Ὄςz
ȟ

 
στςςχχπὫὌς σȟτςὸέὲὌς (3.10) 

 
ȟ

ȟ
φȟφστὸέὲὌς       (3.11) 

 
Since the fuel cell would use excess hydrogen to produce heat instead of electric power, the system 
has implemented saturation block to prevent this. The combined gas law has been used to calculate 
the needed hydrogen usage for the PEM fuel cell.  
The optimum energy that the fuel cell can producing is 237,13kj per mole of Ὄ , The total energy input 
from Ὄ  is 285,83kj per mole and the extra 48,7 Kj will produce heat in the fuel cell as shown in Figure 
10. The flow rate has been restricted to 85,24lpm, and with hydrogen density of 0,08375g/l[14], this 
gives an daily usage of Ὄ  with 100% production of 6,29ton per day, as shown in equation 3.11.  
 
 
The fuel cell is calculated to be 55008,29,22 litre per min as shown in equation3.13. Since the flow 
rate in the simulation file is scaled down by a factor of 93,2, the flow rate that is used for simulation 
590,22 litres Ὄ  per min as shown in equation 3.16. 
 

ὠ
ᶻ ᶻ

ᶻ
ᶻ          (3.12) 

 
 

ȟ  
ᶻ

 
ᶻ ᶻ

ᶻ
ᶻ
ȟ  

υυππψȟςω ὰὭὸὩὶ ὴὩὶ άὭὲόὸὩ Ὄς (3.13) 

  
ȟ     

ȟ
υωπȟςς ὰὭὸὩὶ ὴὩὶ άὭὲόὸὩ      (3.14) 

 
The combined gas law[30:157], shown in formula 3.15, is used for calculate the volume change when 
adjusting the pressure to 8 bar and temperature to 50°C in the fuel cell. This formula was used for 
converting the flowrate, depending on the density. The calculation is based on that the fuel cell 
working temperature is 60°C. Since the flow rate from equation 3.13 is based on hydrogen density at 0 
bar and 0°C, then formula 3.15 was used for correcting the flow rate. Since the volume is varying with 
the temperature and pressure the actual flowrate has been calculated to 87,29 as shown in equation 
3.16. This flowrate has been used as restriction in simulation. 
  

ᶻ ᶻ
          (3.15) 

 

υωπȟςς ὰὭὸὩὶ ὴὩὶ άὭὲόὸὩᶻ ᶻ ψχȟςω ὰὭὸὩὶ ὴὩὶ άὭὲόὸὩ (3.16) 
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3.7 Simulink model 

 
 
Figure 16 shows the overview of the Simulink model. It has the new system implemented with the 
ÅØÉÓÔÉÎÇ ÇÒÉÄȢ 4ÈÅ ÍÏÄÅÌ ×ÏÒËÓ ÌÉËÅ ÔÈÉÓȢ 4ÈÅ ȰÍÁÓÔÅÒ ÃÏÎÔÒÏÌȱ process the power which is extracted 
from the wind. If the power measurement are lower than the grid capacity then this activates the PEM 
fuel cell. It then regulates power output from the fuel cell by changing the hydrogen flow. The power 
production is activated as long as there is available grid capacity. The fuel cell uses DC-DC boost 
converter for controlling voltage level and to maximize the power production. For integration to the 
grid power it uses a 3 phase converter with control. If the power production is higher than the grid 
ÃÁÐÁÃÉÔÙ ÔÈÅÎ ÔÈÅ ȰÍÁÓÔÅÒ ÃÏÎÔÒÏÌÌÅÒȱ ÁÃÔÉÖÁÔÅÄ ÔÈÅ ÁÌËÁÌÉÎÅ electrolyzer. The alkaline electrolyzer is 
activated as long as the power production from the wind turbine excess the grid capacity. 
  

The model is scaled down by a factor of , so all calculated values are multiplied with 1000 to get 

the correct value for the system that is planned of Smøla. 
 

3.7.1 Model factor correction 

The system in Simulink uses a signal builder to simulate power from the wind. This is shown in Figure 
17. The signal is simulating wind power, where 1 is 100% of possible power extracted from the wind, 

0,4 is 40% and 0 is 0% extracted. The model is based on a factor of  and have to be multiplied with 

1000 to get the correct value for the project of Smøla. 
 

Figure 17 Wind power simulation 

Figure 16 Overview of Simulink system 
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3.7.2 Master control in Simulink 

 
Figure 18 Master control Simulink 

Figure 18 shows the master control in Simulink. It calculates how much energy that is needed to be 
produced by the fuel cell, or how much energy is needed to be used for hydrogen production by the 
electrolyzer. The system calculates the effect based on the maximum grid capacity of 150,4MW. If the 
produced energy from the wind are less than 150,4MW, then the PEM fuel cell kicks in and produces 
the remaining energy up to a maximum capacity of 50MW. If the energy from the wind is higher than 
150MW, the electrolyzer kicks in and use the extra energy to produce hydrogen. 
 

3.7.3 Alkaline electrolyzer in Simulink 

There was not any integrated electrolyzer in Simulink, so this has been built up based on a 
publishment from Ursu ´a et al.: ȰHydrogen Production From Water Electrolysis: Current Status and 
Future Trendsȱ[26].  This shows the measurement of I ɀ V curve for one alkaline electrolysis cell. The 
I-V curve was extracted to excel, which has the built in function for showing function of any graph. The 
function from the graph is shown in formula 3.18. This function is used in Simulink to calculate the 
current level based on voltage level. An overview over the electrolyzer is shown in Figure 19.  
 
It is connected to the grid with a transformer. The electrolyzer has a resistor to simulate the 
resistance the cells has in the electrolyzer. The hydrogen production is based on current as shown in 
formula 3.19. This is implemented the simulation model as shown on Figure 20 The formula is used to 
calculate the amount of Ὄ  that is being produced by the alkaline electrolyzer 
 
To regulate the voltage it uses a buck converter to reduce the DC voltage into desired value for 
hydrogen production. It uses a closed loop control for regulating the desired power consumption. This 
reference signal comes from the master controller, which regulated the consumption up to a 
maximum of 50,13kW. This is later scaled up to give the correct size of 50,13MW.  
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Figure 19 Alkaline electrolyzer in Simulink 

 

Figure 20 Alkaline electrolyzer  hydrogen flow rate calculation 
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Figure 21 V/I  curve alkaline electrolyzer [26:6] 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 21 shows current voltage characteristic of an alkaline electrolyse cell found in a different 
study[26]. The measurement from this study has been manually put into excel where the voltage and 
current levels have been adjusted to match a 50,13kW size electrolyzer. The total number of cells 
chosen is 900. The number of parallel cells is chosen to 450, so the voltage level is 450 times higher 
than for one cell shown in Figure 21.  The number of series of cells has been chosen to be 450. The cell 
number is set to have the working area of the alkaline electrolyzer at 50kW after formula 3.1. The 
polynomic trendline from Feil! Fant ikke referansekilden.  showing the relationship between 
current and voltage in the 50,13kW electrolyzer.  The hydrogen production depends on the current 
flow in the electrolyzer cell as shown in formula 3.2. By adjusting the voltage level marked as X in 
Figure 22, the current flow and thereby the hydrogen flow is adjusted.   
 

ὖ ὠ Ὅz           (3.17) 
 
Formula 3.18 is used to calculate the current flowing through all of the cell. 
 

πȟππσωz6ÄÃ τȟτψπψz6ÄÃρςψψȟυ      (3.18) 
 

Formula 3.19 is used to calculates the flow rate in ὔά ȾὬ 
 

Ὢ – ᶻ
ȟ

 z
σφπππȟφψρzπȟωτz

ᶻ

ᶻ   
ᶻ

ȟ
σzφππ (3.19) 

 
The flowrate is multiplied with factor shown in 3.20. This gives the output in Kg hydrogen per 
minutes.  
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 ρπππᶻ ρzπππάέὨὩὰ Ὢὥὧὸέὶπzȟπψωωωz   (3.20) 

 3.7.4 The boost controller 
The input voltage ὠὭ and input current Ὅ are varying, it is important with control of the switching 
frequency of the IGBT for maintaining a stable voltage for DC-AC inverter.  
 
 
 
 
 
 
 

 

 

 

 

 

 

 

 
  

 

3.7.5 Maximum power point tracking 

This is a technique that is used in wind turbines, photovoltaic solar system and fuel cells to maximize 
power generation with changing load condition.[24:20]. 
 
 
 
 

 

Figure 23 Boost converter, operation waveform under continues mode[20:47] 

Figure 22 Current voltage characteristic of alkaline electrolyser 
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Figure 24 shows that the maximum power from  the graph is when current is ψπ! and voltage is 
φςυ6ÄÃ, the total power output is υπË7. This only happens when the fuel cell system is under 
nominal condition shown on Figure 25. Since the power produced by the fuel cell are varies 
depending on how much power is extracted from the wind, then MPP point will change. By 
implementing the incremental conductance method described closed in the next chapter, the 
maximum power point is found. This is used by a closed loop system which monitors the voltage and 
current signal and calculate the point where the power extracted is on the maximum.  
 
 

Figure 25 Stack voltage vs current 

 
 

Figure 24 MPP fuel cell 
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Figure 26 shows how the maximum power point, which is when the derivative of power divided by 
the derivative of the voltage, is equal to 0. 
 
 
 

Figure 26 Incremental conductance MPPT 
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3.7.6 Incremental conductance method[21: 143-145] 
For fuel cell array, power equation can be written as: 
 

ὖ ὠ Ὅz   (3.21) 
 

Where P=stack power, V=stack voltage and I=stack current  
 
By differential, with respect to V, and by using differential rule for product where: 
 

ώ όὺ     (3.22)   
 
This gives formula 3.23 
 

ώ όὺ όὺ  (3.23) 
 
By defining the following formulas. 
 

ὺ ὠ    (3.24) 
   

ό Ὅ    (3.25) 
  

ώ Ὠὖ    (3.26)  
 

we get: 
 

Ὠὖ ὨὍzὠ Ὅz Ὠὺ    (3.27) 
 

By dividing  formula 3.10 on both side with Ὠὺ we get: 
 

ᶻ
Ὅ   (3.28) 

 
From Figure 26 it shows that the maximum power is when: 
 

π     (3.29) 

 
By combining formula 3.11 and 3.12 we get the following formula.  
 

   (3.30) 
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3.7.7 Simulink boost controller 

 
This block controls the voltage and pulses of the IGBT so that it would give the maximum power point 
tracking described in previous chapter. 
 

 
Figure 27 Boost controller 

 

 
Figure 28 Inside boost controller 

Figure 27 shows the input for controlling the boost converter with pulses, it uses the current and 
voltage from the fuel cell. Figure 28 shows further how the signals are processed. Both current and 
voltage are changed to magnitude and phase in Fourier block. This gives the output in the form[22]: 
 

Ὢὸ В ὥὲὧέίὲ‫ὸ ὦὲίὭὲὲ‫ὸ (3.31) 

 
n = 1 corresponds to the fundamental component. 
 

ȿὌȿ Ѝὥ ὦ      (3.32) 

 

Ὄ ὥὸὥὲςz      (3.33) 

Where: 
 

ὥὲ ᷿ ὪὸÃÏÓὲ‫ὸὨὸ    (3.34) 

 
 

ὦὲ ᷿ ὪὸÓÉÎὲ‫ὸὨὸ    (3.35) 

 

Ὕ πȟςάί (3.36) 



 

28 
 

 
Since we need the derivative of the function we use formula 3.34 and 3.35 as shown in Figure 29, we 
get; 
 

ὥὲ ςz ὪὸÃÏÓὲ‫ὸὨὸ (3.37) 
  

ὦὲ ςz ὪὸÓÉÎὲ‫ὸὨὸ (3.38) 
 

 

Figure 29 Fourier 

 
 
By taking the different angle and multiplying by 
  

ÃÏÓ —ͅ —ͺ  (3.39) 

we get the real value of  
 

   (3.40) 

The next part is to add: 
 

   (3.41) 

  
































